SUMMARY Acute inflammation was induced in rats by subcutaneous implantation of plastic sponges, and the penetration of salicylate and naproxen into the inflammatory exudate was studied after oral dosing with these compounds. The penetration of intravenously administered 22Na and 125I-albumin was also studied. It was found that salicylate and 22Na penetrated very rapidly, reaching maximum concentration in the exudate within 3 hours of administration. In contrast, naproxen and 125I-albumin penetrated much more slowly, maximum concentrations in the exudates not being reached until 5 hours after administration. The significance of these results and the role of protein binding is discussed.
125I-albumin was also studied. It was found that salicylate and 22Na penetrated very rapidly, reaching maximum concentration in the exudate within 3 hours of administration. In contrast, naproxen and 125I-albumin penetrated much more slowly, maximum concentrations in the exudates not being reached until 5 hours after administration. The significance of these results and the role of protein binding is discussed.
It is generally assumed that it is only the unbound or 'free' fraction of drug in the blood stream which can leave the vasculature, reach the site of action, and exert a pharmacological effect (Gillette, 1973; Koch-Weser and Sellers, 1976) . Some acidic antiinflammatory agents exhibit such a high degree of protein binding that in some cases less than 1 % of the total drug in plasma is free. However, during inflammation the vasculature becomes much more permeable to proteins (Williams and Morley, 1974) and presumably also to drug-protein complexes. It therefore seemed of interest to compare the rates at which an extensively protein-bound acidic antiinflammatory agent, naproxen, and a less extensively bound acidic anti-inflammatory agent, salicylate, entered an inflammatory lesion. Naproxen represents the upper limit of protein binding found with acidic anti-inflammatory agents and salicylate the lower limit. The penetration of 1251-labelled albumin and 22Na+ were also compared. The acute inflammation induced by subcutaneous implantation of plastic sponges into rats was used as a model system.
Materials and methods
Naproxen [(+) - Female Sprague-Dawley rats weighing between 140 and 180 g were used. They were maintained on a standard laboratory diet and tap water. Drugs were administered orally, naproxen (10 mg/kg) suspended in 1 % carboxymethyl cellulose, sodium salicylate (200 mg/kg) dissolved in water (1 ml vehicle/100 g body weight).
The rats were lightly anaesthetized with ether and two plastic sponges (1 x 1 x0 05 cm) were implanted subcutaneously into each animal as described by Ford-Hutchinson et al (1975) . At various times after implantation groups ofanimals were killed and blood samples taken into dry plastic tubes containing EDTA (1 mg neutralized EDTA per ml blood). The sponges were removed and the inflammatory exudate expressed into tubes containing EDTA. The tubes were centrifuged (2000 g x 10 min) at room temperature and the plasma-and cell-free inflammatory exudates used for analysis. In a preliminary experiment four sponges were implanted into each rat and groups of animals were killed 1, 2, 4, 6, and 10 days later. Three sponges were trypsinized to liberate the cells and cell counts were performed (Ford-Hutchinson et al., 1975 of each isotope in the inflammatory exudates and plasma were determined using a gamma radiation spectrometer (Ultrogamma, LKB-Wallac, Turku, Finland).
Drug-protein binding was measured using an ultrafiltration method. 1 ml samples of plasma or inflammatory exudate were placed in membrane ultrafiltration cones with a molecular weight cut-off of 50 000 (CF5OA, Amicon B.V. Oosterhout (N.B.) Holland) and centrifuged at 10OOg for 15 minutes at room temperature. Approximately 0 5 ml of filtrate was obtained. The concentration of drug in an aliquot of the original sample (total drug concentration) was determined by reference to a calibration curve constructed using standard solutions of drug in phosphate buffer. The concentration of drug iri the filtrate was estimated by reference to a calibration curve constructed from the filtrates of a series of standard solutions in phosphate buffer. In this way the effects of nonspecific binding of the drugs to the membrane were eliminated.
Salicylate was determined fluorimetrically by the method of Oie and Frislid (1971) . Naproxen was determined by a fluorimetric method developed in this laboratory (Anttila, 1976) .
Results

DEVELOPMENT OF INFLAMMATORY REACTION TO IMPLANTED SPONGES
1, 2, and 3 days after implantation the sponges were easily separated from the surrounding tissue, and were covered by a thin connective tissue membrane. There was no vascularization of the sponge at this stage. On days 6 and 10 there was a progressively increasing infiltration of the sponges by connective tissue containing new capillaries. This made the sponges difficult to remove cleanly without contamination with blood and tissue. Histological examination of the sponges showed an even distribution of inflammatory cells throughout the sponges on days 1, 2, and 4, although there were fewer cells present on day 4. At later times there were very few inflammatory cells but a dense band of connective tissue was seen to be gradually penetrating the sponges from all surfaces. On day 10 this connective tissue had penetrated to a depth of 1-2 mm, while the centres of the sponges were free of cells.
The Table shows Polymorphonuclear 9-8±3-1 8-4±4-3 0 4+0 3 0 leucocytes Mononuclear 5 0+2 3 8-2±3-4 7-7±4-2 5-7±2-4 leucocytes small numbers of polykaryons were seen containing 2 to 6 nuclei. On day 10 the capsule of connective tissue was so dense that trypsinization was not possible. Histological examination of the sponges after trypsinization indicated that although most of the inflammatory cells were removed the connective tissue capsule was unaffected by this treatment.
The wet weight of the sponges increased rapidly for the first 12 hours after implantation and remained constant thereafter (Fig. 1) . The maximum weight achieved in vivo was equal to the maximum weight of water the sponges could absorb. On the basis of the above results the 24-to 36-hour period after sponge implantation was chosen as the most suitable time for further study. Both drugs and isotopes were administered 24 hours after sponge implantation and their levels in plasma and inflammatory exudate measured during the following 12 hours. RADIOACTIVITY STUDIES 22Na penetrated very rapidly into the inflammatory exudate and took less than 3 hours to achieve equilibrium (Fig. 2) . 1251-albumin, however, penetrated much more slowly and equilibrium was not achieved within the 12 hours of the experiment (Fig. 3) . Sodium salicylate penetrated rapidly into the inflammnatory exudate, but the concentration there remained slightly (2-15%) below plasma concentrations at all times (Fig. 4) . In contrast, naproxen penetrated slowly, as indicated by the 4-hour difference between the time of maximum plasma concentration and maximum inflammatory exudate concentration. Furthermore, 8 hours and more after drug administration the concentration of drug in the inflammatory exudate was higher than the concentration in plasma (Fig. 5) . Inflammatory exudates from 3 to 4 rats, killed 5 hours after drug administration, were pooled in order to obtain sufficient material for determination of protein binding. The percentage of free salicylate was similar in inflammatory exudate (mean 49-3 + 4-5 SEM) and plasma (488 ± 1.5). Accurate data could not be obtained for naproxen because at the dose used (10 mg/kg) the concentration of free drug was too low for accurate measurement. It was clear, however, that the percentage of free drug was less than 2 5 % of the total in both plasma and inflammatory exudate.
Discussion
The presence of large numbers of polymorphonuclear leucocytes in the sponges during the first 2 days after implantation ( Table) indicates that sponge implantation induces an acute inflammatory response. However, the histological evidence indicates that the inflammation is of relatively short duration and is replaced by a period of connective tissue activity. During the first 12 hours after implantation the sponges absorb fluid (Fig. 1) , probably derived from both the local extravascular fluid and from extravasated plasma. Since the object of the present investigation was to study only the latter phenomenon, the 24-to 36-hour period was used. At this time the sponges are full and therefore will not act as a sink into which extravascular fluid drains, but, due to the increased vascular permeability induced by the inflammation a flux of extravasated plasma is maintained (Fig. 3) .
Albumin and the extensively albumin-bound drug, naproxen, penetrated into the sponges relatively slowly. However, the plasma concentration of naproxen fell more rapidly than the concentration in inflammatory exudate, with the result that 8 hours after dosing the inflammatory exudate concentration was higher. In contrast, sodium ions and a much less extensively protein-bound drug, salicylate, penetrated rapidly and the concentration of salicylate in the inflammatory exudate never exceeded the plasma concentration. Similar data have been obtained in studies in humans of the rate of penetration of antirheumatic drugs into synovial fluid. For example, Emori et al. (1973) found that indomethacin, a drug which is extensively protein bound, penetrates into the synovial fluid of rheumatoid patients quite slowly, but because the serum concentration fell more rapidly than the synovial fluid concentration the latter was the higher of the two, 5 hours after drug administration. Rosenthal et al. (1964) showed that when a relatively stable plasma salicylic acid level is maintained in patients with rheumatoid arthritis, the total concentration in the synovial fluid is lower than the plasma concentration. However, this difference is due to the different albumin concentrations in plasma and synovial fluid, the higher plasma albumin concentration meaning that a greater proportion of the drug is protein bound in plasma and in fact the free drug concentrations are equal. The similarity between these results and the results obtained in the present rat model suggest that this model could be used to examine the disposition of potential anti-inflammatory/antirheumatic agents.
The ability of acid-inflammatory agents to bind to plasma proteins, particularly albumin, has led many authors to suggest that this property is intimately involved in their mode of action. Indeed, as pointed out by Hichins (1974) many of the methods developed for screening potential antiinflammatory agents in vitro merely measure protein binding using a variety of different indicator systems, e.g. displacement of albumin-bound tryptophan (McArthur et al., 1971) , inhibition of the thermal denaturation of albumin (Mizushima, 1964) , sulphydryl-disulphide interchange (Hichins, 1974) , and inhibition of erythrocyte lysis (Mizushima and Sakai, 1969) . More recently it has been claimed that the protein binding of these drugs together with their low pKa values, results in higher concentrations of drug in inflamed tissues (Graf et al., 1975) .
The results of our investigation do not support this suggestion since the highly protein-bound naproxen penetrated much more slowly than the less extensively protein-bound salicylate. The similarity between the penetration of albumin into the inflammation and the penetration of naproxen suggests that naproxen penetrates largely as drug/albumin complex. It may therefore be said that drug/albumin binding inhibits the rate of penetration of drug into inflamed tissues, despite the increased permeability to plasma protein in such tissues. The higher inflammatory fluid concentration of naproxen seen 12 hours after dosing is probably due to the greater rate of metabolism and excretion of the drug in the plasma compared to drug in the inflammatory exudate (Emori et al., 1973) and cannot therefore be considered specific accumulation due to protein binding.
There are, however, a number of other possible explanations for the observation that the degree of protein binding of this class of drugs correlates with their anti-inflammatory potency. The acidic anti-inflammatory agents are potent inhibitors of prostaglandin synthetase (Flower, 1974) , and prostaglandins are believed to have an important physiological role in many tissues (Horton, 1976) . Therefore the significance of the protein binding of these drugs may be that it reduces their penetration into noninflamed tissues, thereby reducing the toxicity which would result from widespread inhibition of prostaglandin synthetase. Alternatively, the site of action of these drugs may be, at least partly, intravascular, for example on platelets, leucocytes, or vascular endothelium. In this situation albumin binding would serve to maintain a high concentration of drug at the site of action. 
